The conformation of the neurotransmitter acetylcholine bound to the fully functional nicotinic acetylcholine receptor embedded in its native membrane environment has been characterized by using frequency-selective recoupling solid-state NMR. Six dipolar couplings among five resolved 13 C-labeled atoms of acetylcholine were measured. Bound acetylcholine adopts a bent conformation characterized with a quaternary ammonium-to-carbonyl distance of 5.1 Å. In this conformation, and with its orientation constrained to that previously determined by us, the acetylcholine could be docked satisfactorily in the agonist pocket of the agonist-bound, but not the agonist-free, crystal structure of a soluble acetylcholinebinding protein from Lymnaea stagnali. The quaternary ammonium group of the acetylcholine was determined to be within 3.9 Å of five aromatic residues and its acetyl group close to residues C187/188 of the principle and residue L112 of the complementary subunit. The observed >CAO chemical shift is consistent with H bonding to the nicotinic acetylcholine receptor residues ␥Y116 and ␦T119 that are homologous to L112 in the soluble acetylcholinebinding protein.
magic-angle spinning ͉ membrane proteins ͉ receptor pharmacology ͉ solid-state NMR I t has been estimated that 45% of drugs in use today target membrane proteins (1, 2) . In contrast to soluble proteins, the paucity and sometimes-low resolution of structural information for membrane proteins make rational drug design a distant dream. The Cys-loop pentameric ligand-gated ion channel (LGIC) family of proteins, which includes the GABA A , glycine, nicotinic acetylcholine (ACh), and 5-HT 3 receptors, represents an important class of membrane receptors that are the targets of widely used and abused drugs. Typically these Ϸ250-kDa membrane receptors are gated by neurotransmitters of low molecular weight (Ϸ100-Da). The archetypical and most intensively studied member of the LGIC superfamily is the muscle-type nicotinic ACh receptor (nAChR), which is composed of four homologous subunits arranged centrosymmetrically around a pore in the order ␣, ␦, ␤, ␣, ␥. The nAChR is found in the mammalian neuromuscular junction and in a highly enriched form in the electric organ of Torpedo, which provides a valuable source of receptor for biochemical and structural studies. Extensive studies have provided a wealth of information regarding the pharmacology of this family of receptors and identified putative residues which may be important in the binding of the agonist ACh (3, 4) . Nonetheless, a precise structural understanding of how ACh binds to its binding site to gate the channel is still hindered by the quality of the structural data. To date, the best structural characterization of any intact LGIC is an electron microscopy structure of the Torpedo nAChR at 3.6 Å (5) in the resting, ligand-free state. Additionally, crystal structures at up to 2.0-Å resolution have been solved for soluble ACh-binding proteins (AChBPs) from Lymnaea stagnalis and Aplysia californica (6, 7) . These proteins are frequently viewed as surrogates for the N-terminal agonist binding domain of the nAChR even though they exhibit only between 21% and 24% sequence identity with the ␣-subunit of the intact receptor and differ in their pharmacology (6, 7) . Nevertheless, crystal structures of these AChBPs complexed with a range of agonists and antagonists (7, 8) have been refined to try and understand the pharmacology of the nAChR.
Both crystallography and solution-state NMR have been widely used in the characterization of ligand/receptor interactions, and although they represent the preferred route to the structural characterization of such systems (9, 10) , their application to membrane proteins remains challenging. Although techniques for the analysis of low-affinity ligands binding to large membrane-receptor complexes have been developed (11) , methods for the structural analysis of high-affinity ligands are still not widespread (12, 13) . In contrast to solution-state NMR, which is limited by the overall size of the molecule, or crystallography, which requires the introduction of long range order in the sample, solid-state NMR, in principle, permits the measurement of structural constraints from the ligands bound to the receptor while resident within its native membrane (13) . Here, we employ recently developed analysis techniques (14, 15) to determine multiple structural restraints for a uniformly labeled ligand by magic-angle spinning (MAS) rotationalresonance (RR) solid-state NMR. This approach allowed us to characterize the structure of the agonist ACh (Fig. 1A) while bound to the high-affinity desensitized state of the native nAChR from a single set of experiments, thus realizing a significant saving in the protein consumed over previous methods and removing the necessity to prepare multiple, site selectively labeled ligands. Combining these findings with the previously determined orientation of ACh (16), we have used a docking analysis to place ACh in the binding pocket of the high-resolution structure of the soluble AChBP, thus identifying ligand amino acid contacts necessary for binding. Such information is a prerequisite for the rational development of drugs against this class of membrane receptor.
Results

MAS NMR.
To obtain well resolved spectra of ACh complexed with the nAChR, MAS NMR methods have been used to average the anisotropic interactions typically present in the spectra of biological membranes. A typical cross-polarization (CP) MAS spectrum of 20 nmoles of uniformly 13 C-labeled ACh bound to nAChR-rich membranes is shown in Fig. 1 A. The spectrum of nAChR-enriched membranes is dominated by strong contributions from the natural abundance 13 C within the lipid and proteins present in the system, partially masking the resonances from the 13 C-labeled ACh bound to the nAChR. Four sites can, however, be resolved in a twodimensional proton-driven spin diffusion experiment where offdiagonal correlations are observed between the adjacent 13 C atoms within the uniformly labeled ACh (Fig. 1B) . Together with difference spectra obtained from samples with and without agonist, which permitted the assignment of the remaining resonance arising from the N-methyl group, the five chemically inequivalent sites of the bound agonist have been assigned (Fig. 1 A) . Their measured chemical shifts and the perturbation from those observed in crystalline ACh perchlorate are CO (178.0 ppm, ϩ5.9 ppm); NCH 2 (66.5 ppm, ϩ1.9 ppm); OCH2 (54.1 ppm, Ϫ3.6 ppm); N(CH 3 ) 3 (52.3 ppm, Ϫ1.6 ppm); and CH 3 (22.1 ppm, ϩ2.6 ppm). These perturbations arise because of changes in the local electrostatic environment that are observed by the ligand upon binding and can reflect changes in both the ligand's local environment and its conformation (17) . Although one should be cautious in the interpretation of the chemical shifts, we have previously been able to assign the upfield shift in the N(CH 3 ) 3 to the close proximity of aromatic groups within the receptor-binding site (17) , while the strong downfield shift in the CO resonance is consistent with the formation of a strong H bond with groups within the ligand-binding site (18) [supporting information (SI) Fig. 5 ]. The specificity of this binding has been demonstrated by using the competitive irreversible inhibitor ␣-bungarotoxin, which confirmed earlier results obtained at 5°C demonstrating that the detected signals arise solely from ACh constrained within the agonist-binding site (17) .
Structural Characterization by RR NMR. To determine the conformation of the uniformly 13 C-labeled ACh bound to the nAChR, multiple dipolar couplings between specific sites within the bound agonist have been determined to provide a direct measure of the distance between them. The dipolar couplings averaged under MAS can be selectively reintroduced by using RR NMR (19, 20) . This technique relies on matching an integer multiple of the MAS frequency to the chemical-shift separation between the two sites that are being actively recoupled (19, 20) . The dipolar coupling is obtained by monitoring the rate of polarization transfer between the two recoupled spins. The six polarization-transfer curves obtained for ACh while resident in its binding site on the nAChR are shown in Fig. 2 . We were unable to determine all carbon-carbon distances for the bound ligand because of the unfavorable chemical shift separation between certain sites which would require unreasonably slow spinning (Ͻ1,000 Hz). Similarly, broadening of the methylene resonance and concomitant drop in signal to noise arising from the modest spinning speed required to fulfil the n ϭ 1 RR condition prohibited the determination of the distance between sites 1 and 3.
Polarization-transfer curves have been used previously to determine internuclear distances for ligands in membrane targets (13, 21, 
22)
, however, these studies have relied on the incorporation of an isolated spin pair to facilitate the analysis, and thus the characterization of the global conformation required the preparation of multiple double-labeled ligands. We have recently described how to extract the dipolar couplings between the actively recoupled spins in a uniformly labeled sample, allowing perturbations arising from passive spins that may influence the polarization transfer to be accommodated (15, 23) . We have used this analysis to extract the internuclear distance between pairs of 13 C nuclei in uniformly labeled ACh while accommodating the effects of additional close-by 13 C. The free parameters of the data analysis are the dipolar coupling between the actively recoupled spins, the zeroquantum relaxation rate (T 2ZQ ), and an effective offset for the RR condition arising from the passively coupled spins. Fitting this model to the experimental data ( Fig. 2 and Table 1) shows that under the experimental conditions used here, the distances between the spin pairs can be determined with a statistical error of less than Ϯ0.5 Å. It is noted that with such analyses, systematic errors may occur, however, analysis of the crystalline ACh perchlorate To analyze polarization transfer among the three methyls at site 5 giving rise to a single resonance line and the methyl at site 1 or the carbonyl at site 2 (see Fig. 1 A) , we have used a numerical analysis scheme (described below). This analysis gives the distance between the spins at sites 1 or 2 and the three spins of site 5 at a ''pseudoatom'' located at the geometric center between the three methyl groups attached to the quaternary ammonium. At the temperatures at which these experiments were performed earlier, 2 H NMR studies (16) indicate the quaternary ammonium group is free to rotate in the binding site, suggesting that on the time scale of the experiments, an averaged dipolar coupling would be observed. We assume that the distances from sites 1 or 2 to this pseudoatom are related by the normal dipolar coupling constant with an r Ϫ3 dependence. This assumption may systematically underor overestimate the distance obtained from the measurements because the dipolar nature of the interaction requires averaging over r Ϫ3 and the angular dependence according to 3cos 2 Ϫ 1 depending on the actual conformation of the molecule. This error, however, stays well within the limits applied in our data analysis. The 2 deviation between the measured exchange and a grid of simulated exchange curves in a parameter space spanning the dipolar coupling frequency, T 2ZQ , the effective offset from RR condition, and the offset in equilibrium polarization was calculated (see SI Fig. 9 ). Analysis of this 2 surface revealed that deviations larger than Ϯ0.5 Å in the distance (from sites 1 or 2 to site 5) would be inconsistent with the observed polarization-transfer curves (see dashed lines in Fig. 2 ). Similar analysis of the crystalline ACh perchlorate revealed discrepancies between the NMR and x-rayderived distances of up to 0.32 Å (see SI Text).
Structural Refinement of Bound ACh. The conformation of ACh can be defined in terms of four torsion angles (see Fig. 1 A) ; although 4 remains undefined because of the rotation of the quaternary ammonium group. To obtain a family of structures consistent with the measured NMR constraints, a systematic search of the torsionangle space ( 1 , 2 , 3 ) was performed, of which 1.5% of the structures that were generated were consistent with the observed NMR constraints within Ϯ1 standard deviation of the measured distances given in Table 1 . The structures that fulfill all six NMR constraints are enclosed within the volumes highlighted in red in Fig. 3 . This analysis reveals two families of structures related by symmetry; the first is characterized by the average torsion angles of 52°, Ϫ128°, and 62°and the second by average torsion angles of Ϫ52°, 128°, and Ϫ62° (Fig. 4A) . In torsion-angle space, these values are not all well defined, because rather small errors in the distance measurements can, for some angles, propagate into a rather large spread in consistent torsion angles (Fig. 3) . In contrast, a root mean squared deviation (rmsd) analysis of the superimposed structures (Fig. 4A) , which enables the consideration of the errors in all of the distance measurements on the entire ensemble, reveals an rmsd of 0.40 Å for the heavy atoms (C, N, O). If the quaternary ammonium group is excluded from the rmsd analysis, this figure falls to 0.28 Å and represents the figure one would expect if this analysis was applied to ligands that do not contain sites of magnetic equivalence. The higher rmsd when the quaternary ammonium group is included is a consequence of the higher uncertainty associated with the numerical treatment of the spin dynamics (see Methods and SI Text).
From the distance data collected, we were unable to distinguish between the two mirror-symmetric conformations. However, in both cases, the methyl group (site 1) is folded back toward the quaternary ammonium group (site 5), resulting in a condensed structure where some 4 values result in unfavorable Van der Waals contacts between the two sites and an energy barrier of 66 kJ mol
Ϫ1
for the free rotation of the quaternary ammonium group. These observations agree with previous deuterium NMR studies of bro- T2ZQ is the phenomenological constant describing the decay of the zeroquantum coherence. Offset and equilibrium population describe the offset from the RR condition and final equilibrium polarization required to compensate for the presence of passively coupled spins, as described in refs. 14 and 15. Errors reported are those given by MINUIT and represent one standard deviation. *Distance and relaxation rates obtained from an analysis of a four-spin system.
Errors determined from the analysis of the 2 surface. moacetylcholine within the binding site (16) and suggest that ACh binding results in conformational changes that hinder the free rotation of the quaternary ammonium group as observed in earlier 2 H spectra (16), with little hindrance from interactions with the binding site.
Docking Analysis of ACh with the AChBP. To determine how the ACh interacts with the nAChR, we performed a series of docking analyses. In contrast to earlier docking studies in which the ligand conformation is unknown, in this work we fixed the torsion angles to those determined from the NMR distance constraints and the orientation to that observed in earlier deuterium NMR studies (17) . This approach enabled us to see how the residues within the ligand-binding site mold themselves around the ligand. Crystal structures are available for the native-, nicotine-, and carbamylcholine-bound forms of the AChBP at 2.5 Å together with a 3.6-Å cryoelectron microscopy structure of the intact nAChR (6) (7) (8) . Analysis of 100 docked structures of ACh bound to either the AChBP or the nAChR, both in their low-affinity native conformations, showed that the position of the ligand was poorly defined within the binding site with relatively low binding energies. In contrast, our NMR-derived structure docked to the carbamylcholine-bound form of the AChBP with the carbamylcholine removed is in a relatively well defined position with a 6-fold higher affinity than when bound to the native AChBP or nAChR. Of the 100 complexes derived for each of the two ACh conformations, the lowest energy structures placed the quaternary ammonium group within 3.9 Å of five aromatic residues, four of them from the principle subunit of the binding site in the AChBP, namely Y89(Y93), W143(W149), Y185(Y190), and Y192(Y198) (homologous residues' numbers from the ␣-subunit of the nAChR from Torpedo californica are given in brackets), and the fifth, W53(W55), contributed from the ''complementary'' subunit (Fig. 4B) . In contrast to the relatively well defined nature of the quaternary ammonium group, the acetyl group showed more variation in its positioning within the binding site, in agreement with recent molecular dynamics calculations (24) . However, for the lowest energy complexes, the acetyl group was found in close proximity to C187/188(C192/193) of the principle subunit and L112 and M114 of the complementary subunit. In this position, the docked ACh has a similar orientation to that observed in the crystal structure of carbamylcholine in the binding site on the AChBP (8); however, because of the differing torsion angles, the Cmethyl group is positioned closer to C187/188(192/193) than the corresponding amine in the carbamylcholine. 
Discussion
Pharmacological studies of ACh and its analogues have identified at least two key pharmacophores involved in the binding of ACh to the nAChR, the positively charged quaternary ammonium group and a center of electronegativity to act as an H-bond acceptor. Early studies indicated that the distance between the positively charged nitrogen and the Van der Waals surface of the carbonyl oxygen should be Ϸ5.9 Å for optimal binding to the nAChR (25) . The distance between the positively charged nitrogen and the carbonyl measured from our NMR derived structure is 5.1 Å. This measurement corresponds to a distance of 6.1 Å when measured to the Van der Waals surface of the carbonyl oxygen, in good agreement within the expected errors. Docking studies performed on homology models of the ␣ 7 and the ␣ 2 ␤␥␦ nAChRs (26) also reveal a similar spatial positioning with the two pharmacophores separated by 5.33 Å, which is in agreement with that observed in our NMR-derived structures.
Studies of rigid analogues, including lophotoxin (27) , have characterized the torsion angles required for optimal binding to the nAChR with molecular dynamics studies of the structurally constrained lophotoxin indicating the torsion angles 1 , 2 , and 3 of Ϫ9°, 138°, and Ϫ61°with other analogues giving values within Ϯ10°o f these. This confirmation results in a similar spatial positioning of the pharmacophores to that found in our structure of the bound ACh and results in similar torsion angles with the exception of 1 , where a discrepancy of 40°is observed (27) .
The docking studies of ACh bound to the native AChBP and to the resting-state nAChR performed here revealed relatively low binding affinities in comparison to those observed for similar studies of the carbamylcholine-bound conformation of the AChBP. This result is in agreement with the known affinities of these conformations. Analysis of the positioning of the two pharmacophores identified as necessary for high-affinity ACh binding indicates that the quaternary group is in close proximity to the aromatic residues Y89(Y93), W143(W149), Y185(Y190), and Y192(Y198). This is consistent with earlier chemical-labeling studies using ACh mustard (28), a close analogue of ACh that reacts with Y89(Y93), and other photoreactive analogues of competitive antagonists which have been shown to react with W143(W149), Y185(Y190), and Y192(Y198) (29) (30) (31) (32) . It also highlights the importance of these residues for the formation of cation-interactions that stabilize the positively charged quaternary ammonium group within the binding site (33) and are vital for binding ACh to the nAChR. In contrast, the variability in the positioning of the acetyl group of the ACh precludes the identification of a suitable H-bonding partner for the carbonyl group of the ACh, even though the acetyl group is in close proximity to C187/188(C192/193), which has been identified in chemical-labeling experiments. This observation is inconsistent with the large perturbations observed in the carbonyl chemical shift that we observed upon ligand binding (ϩ5.9 ppm), which supports earlier pharmacological studies suggesting the importance of an H-bond in high-affinity ACh binding and a more restrained position for the acetyl group. The absence of such an H-bond partner in the homomeric AChBP, which has been used in our docking studies, is consistent with its relatively low affinity for ACh, just as it is in homomeric ␣ 7 receptors (34). However, the docking places the carbonyl group in close proximity to L112 of the complementary subunit (blue in Fig. 3B ) corresponding to Y116 and T119 of the ␥-and ␦-subunits of the heteromeric (␣ 2 ␤␥␦) nAChRs studied here (35) . Both of these groups have previously been identified by photoaffinity labeling with (ϩ)-Tubocurarine (35, 36) and could provide the H-bond donors necessary for the high-affinity binding of ACh to these heteromeric receptors, accounting for the perturbations in chemical shift that we observe for the bound ligand. To maximize the interaction between the ligand and binding site, the C-loop has folded around the ACh within the binding site, bringing the vicinal disulphide bond (yellow residues in Fig. 4B ) in close proximity to the methyl group of the ligand, which is in agreement with chemical-labeling studies (37, 38) . This change is shown in Fig.  4B , where the C-loop (shown in green/yellow) of the native AChBP from A. californica is superimposed on top of our model of the AChBP with ACh bound. The observed changes in structure are similar to the differences found between the native and Epibatidine forms of the AChBP from A. californica, where a similar folding of the C-loop around the small agonist is observed (7). These changes have been proposed to be an essential part of the conformational changes resulting in the formation of both the active and desensitized states.
In this study, frequency-selective recoupling techniques have been used to obtain multiple distance restraints from a uniformly labeled ligand while bound to a membrane receptor complex. This method has two practical advantages over methods using ligands that are selectively labeled. First, only a single isotopically substituted ligand need be synthesized. Second, and most importantly, the ability to extract the results from a single experiment requires much less protein to achieve the goal. Given the difficulty of overexpressing membrane proteins, this method effectively extends the range of proteins to be studied (13) .
The structural characterization of the bound ACh combined with docking analysis of the ligand to the homologous AChBP is sufficient to characterize many of the interactions necessary for ligand binding and their relative spatial arrangement. In combination with other MAS-NMR techniques that identify residues in close proximity to the ligand (39) , such studies have the potential to characterize the pharmacophores involved in the binding of small molecules to membrane receptors as a prerequisite to the rational development of new pharmaceuticals (13) . NMR Spectroscopy. All 13 C MAS spectra were recorded on a Varian Infinity ϩ 500 MHz spectrometer (Varian, Palo Alto, CA) equipped with a 4-mm double resonance MAS probe. Carbon magnetization was generated by using an adiabatic CP scheme with a 13 C spin-lock field of 70 kHz. Protons were decoupled during polarization exchange and acquisition by using 120 kHz two phasepulse modulated (TPPM) decoupling (40) . Polarization transfer between the actively recoupled spins was measured by using a one-dimensional polarization-exchange experiment as described in refs. 15 and 23. Briefly, after CP, one of the actively recoupled sites was selectively inverted by using a delay alternating with nutation for tailored excitation (DANTE) scheme and subsequently allowed to exchange for a given time before being monitored by a /2 readout pulse. To enhance the fidelity with which the transferred polarization was measured, after the acquisition of polarization transfer, an acquisition without transfer was acquired and subtracted. The spinning frequency was set to be equal to the chemicalshift difference between the two sites to be recoupled (half of this value for the n ϭ 2 experiment between sites 1 and 2). The sample was kept at a constant temperature of Ϫ50°C (value estimated from calibration data with an uncertainty of Ϯ5°C), enhancing sensitivity and preventing possible sample degradation. Each point in the polarization-transfer curves represents the sum of 32,768 difference experiments. Proton-driven spin diffusion spectra were acquired with an exchange experiment by using CP to generate 13 C polarization and TPPM decoupling during both acquisition periods. Phase-sensitive data were acquired by using time-proportional phase incrementation (TPPI) with 256 slices in the indirect dimension; each slice is the result of 256 acquisitions. Line broadening (100 Hz) was applied in both dimensions.
Methods
Data Analysis. Polarization-transfer curves were analyzed by using the model described in refs. 14 and 15. Spin simulations were performed with the GAMMA spin-simulation environment (41) and fitted by using the analysis package MINUIT (42) . Fitted parameters include the distance between the actively recoupled spins, the zero-quantum relaxation rate, the effective offset from the RR condition, and the offset in final equilibrium polarizations (14, 15) . Polarization transfer under RR has been shown to depend on the chemical-shielding anisotropy and the relative orientation of the anisotropic interactions. These effects are known to be small at the n ϭ 1 recoupling condition chosen here and within the time frame under which the polarization transfer has been observed (20) . This simplified analysis avoids the necessity for exhaustive numerical simulations that are both computationally demanding and reliant on a detailed knowledge of both the isotropic and anisotropic interactions and their relative orientations that describe the spin system, information which presumes a detailed knowledge of the structure. With reference to our earlier studies using this method, the analysis presented here uses both an offset from the RR condition and an equilibrium polarization difference to account for any discrepancies in equilibrium difference polarization that may arise during the normalization of the data. Direct comparisons with previous published models (14, 15) indicate that any discrepancies are within the statistical errors reported here.
Analysis of the polarization transfer between the three methyls at the quaternary ammonium group (site 5) and the single carbons at sites 1 and 2 was performed by comparing the experimental results to numerical Liouville-space simulations of a four-spin system by using the GAMMA spin-simulation environment (41) . The system was modeled as three magnetically equivalent nuclei spaced equidistantly to a fourth spin. Contributions from chemicalshielding anisotropies were ignored, as were couplings between the N-methyl carbons which were shown to have no effect on the RR polarization transfer between sites 1 and 2 and site 5. Relaxation was implemented as an uncorrelated random field fluctuation along the z-direction, with an identical rate constant for each spin. Because of the computational demands of these simulations, the data were analyzed by using a systematic search of a parameter space spanning the dipolar coupling, T 2ZQ , offset from RR condition and offset in equilibrium polarization. Variation of the offset from RR condition and offset in equilibrium polarization allowed contributions from the coupling to passive spins to be included in a manner analogous to the two-spin simulations. Errors were estimated from an analysis of the 2 surface.
Structure Determination and Ligand Docking. Structures consistent with the determined distance constraints were identified by a systematic search of a basis set of conformers generated by systematically varying the torsion angles 1 , 2 , and 3 in 5°steps by using Discover 95.0 (Accelrys, San Diego, CA). Structures consistent with all of the experimentally determined constraints within one standard deviation were included in the subsequent rmsd analysis.
The two average structures that were determined were docked to the crystal structure of the AChBP complexed with carbamylcholine (1UV6). Before docking, the carbamylcholine was removed from the binding site. The two ACh conformers were docked to the AChBP 100 times by using the cvff force field in Discover 95.0 (Accelrys). Initially, the ligand was placed with a random position and orientation and was subject to 100 rounds of conjugate-gradient minimization by using a nonbond potential containing only scaled (10%) Van der Waals interactions (quartic without coulomb). The structures were then subject to another 200 rounds of conjugategradient minimization by using the cell-multipole method to characterize the nonbond interactions. Torsion angles and relative orientation of the C-N bond were restrained by using a cosine penalty function and the ligand was tethered to within 10 Å of the binding site by using a flat-bottomed penalty function. With the exception of residues within 10 Å of carbamylcholine in the original crystal structure, all residues were fixed.
